Background Specific (s)IgG antibodies against environmental and occupational antigens, especially from bacteria, moulds, yeasts, birds and chemicals play an important role for hypersensitivity pneumonitis (HP). An increased serum level of sIgG is one criterion in the diagnostic procedure of HP and crucial for the detection of the triggering antigen for successful avoidance of further exposure. In contrast to specific IgE, sIgG concentrations in healthy individuals vary greatly depending on the antigen, which makes it difficult to differentiate from patients with HP. The aim of this study is to update or establish sIgG-reference values for important HP antigens in a healthy blood donor group. Methods Therefore a study including six clinical centres in Germany was conducted to collect sera from 121 subjects without any signs of HP and without obvious exposure to potential HP antigens. Specific IgG to 32 typical HP antigens were quantified by ImmunoCAP (ThermoFisher Scientific; Phadia, Uppsala, Sweden). For validation selected measurements were repeated, total IgG was determined, sera were tested for unspecific binding with the human serum albumin ImmunoCAP Ro401, and influence of potential confounders was analysed. Statistical distribution of the antigen-specific IgG values was evaluated and the nonparametric method of percentile calculation was applied. Results The levels of IgG antibodies to the different antigens varied considerably in the study group from <0.02 to 726 mgA/L. Low sIgG levels were found against the chemicals and the highest levels to fungal antigens, especially to Aspergillus fumigatus and Botrytis cinerea. For three isocyanates, three acid anhydrides, Trichosporon pullulans and Acremonium kiliense reference values were proposed for the first time. For several avian antigens, moulds, and bacteria pre-existing reference values nearly could be confirmed without significant deviations, but already the 90% quantile for sIgG against Penicillium chrysogenum, Aspergillus fumigatus and pigeon antigen (Ge91) clearly exceeded the pre-existing values. In contrast, the 97.5% quantile value for Candida albicans was nearly half of the pre-existing cut-off value. 
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Introduction
Hypersensitivity pneumonitis (HP), also known as extrinsic allergic alveolitis (EAA), is a respiratory syndrome involving the lung parenchyma and specifically the alveoli, terminal bronchioles, and alveolar interstitium, due to a delayed allergic reaction [1] . In several cases HP is associated with a repeated and prolonged inhalation of compounds with immunogenic properties and is accompanied by systemic manifestations (e.g. fever and weight loss). Clinical presentation and disease progression can be extremely variable, depending on the nature of the causal agent, exposure duration, and intensity, as well as individual host factors [1] . The spectra of typical HP-inducing antigens are commonly classified into five broad categories: animal (especially avian antigens) proteins, plant proteins, fungi/yeasts, bacteria/mycobacteria and lowmolecular chemicals [2] . Continuous contact with the antigen can lead to permanent lung damage [3] . Although agents capable of inducing HP are found in a number of settings, including the workplace, home and recreational environments, HP is an orphan disease and only a minority of individuals exposed to potential HP-inducing antigens develop the disease [4] . However, many exposed individuals develop an antigen-specific immune response apparent as presence of antigen-specific (s)IgG antibodies in serum and an increased number of lymphocytes in the lung, but they never develop HP. Although antigen-sIgG antibodies are only a marker of exposure, in the appropriate clinical setting, an elevated sIgG concentration supports the diagnosis of HP and helps to identify the triggering antigen. In contrast, the absence of elevated sIgG antibody levels does not rule out HP, primarily because only a limited number of HP antigens are commercially available for routine testing. Despite these limitations, determination of sIgG antibodies is important for the diagnosis and prognosis of HP and the result of quantitative determination of antigen sIgG is one criterion of the diagnostic algorithms of HP [5, 6] . For the determination of sIgG, several qualitative techniques like precipitation, agglutination, immunoblots or quantitative tests like enzyme-linked immunoassays are used. Comparison of data obtained with different methods is almost impossible based on lack of standardization of for example the different antigen sources and techniques. Additionally, the interpretation of data is rendered more difficult by the fact that no common agreement for cut-off values exists, i.e. what is the "normal range" in healthy subjects and what are "pathologic" values in patients suffering from HP? In contrast to specific IgE, the cut-off values for different IgG antigens cannot be considered as a uniform value and vary in a broad range depending on the specific antigen. Therefore, the aim of our study was to establish sIgG reference values for not yet evaluated HP antigens and to validate pre-existing values in a healthy donor blood group. We collected sera from healthy volunteers without any signs of HP and without obvious exposure to potential HP antigens in six clinical centres in Germany. For the determination of sIgG we used the frequently applied technique of IgG-ImmunoCAP method providing absolute values. (EK 195052014) in accordance with the Declaration of Helsinki and ethical approval was obtained from the local ethic committee of each centre. In total 121 sera were collected from subjects without any history and clinical signs of HP and without obvious exposure to potential HP antigens or other pulmonary diseases. In addition, subjects with general condition 4 according to the World Health Organisation, with a history of clinical signs of interstitial lung disease, rheumatological and/or immunological diseases and with obstructive pulmonary diseases and/or emphysema were excluded. The intake of drugs with immunomodulating effects excluded participation and most of the volunteers did not take any medication at the time of the blood collection. A questionnaire concerning exposure, respiratory symptoms and smoking habits was completed and a written consent was obtained from all blood donors in each centre. In most of the participating centre employees volunteered to participate in the study and sera were collected from assistant staff (laboratory, ambulance), scientific staff (medical doctors, chemists, biologists). Additionally in one clinic patients who came to the sleep laboratory for examination participated in the study. In another centre, employees in warehouse logistics, who received occupational medical check-ups and/or aptitude examinations, were also included in the study (13 out of 121). The participants came both from the intercity areas as well as from the surroundings of the study centres. No study participant was employed in the agriculture field and none was exposed to isocyanates. All study participants stated that there was no exposure and none in recent years to avian and mould.
Materials and methods

Study design and sera collection
Determination of total and specific IgG
Specific IgG to 32 typical HP antigens and antigen mixtures, respectively ( Table 3 Specific IgG values against fungi Table 5 Specific IgG values against avian proteins correlation method was used because data were not normally distributed. Data were analysed with Graph Pad Prism 5.04.
Results
Determination of antigen-specific IgG concentrations
Sera were collected from 121 healthy subjects and the characteristics of the study group are presented in Table 2: a total of 56% of the blood donors were females, the median age of all subjects was 43 years (range Tables 3, 4 , 5 and 6). Based on the significant differences between raw data and normal distribution (tested with the Kolomogorov-Smirnov test; Figs. 1, 2 and 3), non-parametric methods were used and the results are described as median and quantiles.
The levels of IgG antibodies to the different antigens varied considerably in the study group from <0.02 to 726 mgA/L (Tables 3, 4, 5 and 6). Low sIgG levels were found against the chemicals (median values between 0.5 and 1.3 mgA/L; Table 6 ) and the highest levels to fungal antigens, especially to Aspergillus fumigatus and Botrytis cinerea (Table 3) . In all sera the specific IgG concentrations against Aspergillus fumigatus, Cladosporium herbarum and Candida albicans were >2 mgA/L, whereas 68 out of 121 (56%) sIgG values against Rhizopus nigricans were <2 mgA/L ( Table 3 ). The concentrations of IgG to Mucor racemosus, Alternaria alternata, Rhizopus nigricans, Stachybotris atra, and Trichosporon pullulans were generally lower than for the other fungal antigens (97.5% quantile < 15 mgA/L). For several fungal antigens the 97.5% quantile was in the same range as the pre-existing cut-off values (suggested by ThermoFisher). The 97.5% quantile for sIgG against Penicillium chrysogenum (85.6 mgA/L), Aspergillus fumigatus (140.6 mgA/L) and Botrytis cinerea (171.5 mgA/L) clearly exceeded the pre-existing suggested cut-off values (more than 3-fold higher values). In contrast, the 97.5% quantile for sIgG against Candida albicans (77.5 mgA/L) was nearly half of the pre-existing value (Table 3) . For Acremonium kiliense and Trichosporon pullulans no cut-off values suggested by the company existed.
The levels of IgG antibodies to bacteria antigens varied from 0.2 to 29.8 mgA/L ( Table 4) . Most of the low values were found against Saccharopolyspora rectivirgula, in detail 56% of the sera had concentrations < 2 mgA/L against this antigen. The 97.5% quantile for the thermophilic bacteria mixture (including both Gm22 and Gm23) and for the two bacteria was lower than the pre-existing cut-off value.
The levels of IgG antibodies to eight animal antigens ranged from 0.2 to 42.9 mgA/L ( Table 5 ). In only 12% of the sera sIgG concentrations against pigeon serum proteins (Ge93) were >2 mgA/L and the maximum value was 7.8 mgA/L. Therefore the 97.5% quantile for sIgG against pigeon serum proteins (3.6 mgA/L) was more than half of the pre-existing cut-off value. In contrast, in all sera the sIgG concentrations to Ge91 (pigeon serum proteins, feather and droppings) were >2 mgA/L and the 97.5% quantile (35.6 mgA/L) was 3.5-fold higher than the suggested pre-existing cut-off value. Specific IgG concentrations against parrot serum proteins, feathers and droppings (Ge92) reached a maximum value of 32.4 mgA/L and the 97.5% quantile was twice as high as the suggested cut-off value. Low sIgG values found against canary feather antigen (e201) with 49% of the values <2 mgA/L and a 97.5% quantile of 7.3 mgA/L. For the other animal antigens the 97.5% quantile was in the same range than the pre-existing cut-off values (suggested by ThermoFisher; Table 5 ).
For isocyanates and acid anhydrides no suggested cut-off values exist. Testing sIgG against the three isocyanates and three acid anhydrides ranged from <0.02 to 8.6 mgA/L and the majority of values (649 out of 726 tests; 89%) were <2 mgA/L (Table 5) .
Specific IgG values were not significantly influenced by smoking and sex (data not shown). Additionally, most of the sIgG values were unaffected by age with the exception of sIgG values against chicken feathers (e85) showing an increase of sIgG concentrations with increasing age (rs = 0.2744, p = 0.0023).
Determination of total IgG-and HSA-specific IgG concentrations
The total IgG concentration in most of the sera (98.4%) was in the reference range (Table 7) . In contrast to the specific IgG concentrations the raw data of total IgG concentration was normally distributed ( and affected by age (negatively correlated with age rs = -0.2389, p = 0.0083). Testing the unspecific binding to the ImmunoCAP (a spongy, hydrophilic activated cellulose carrier) by using HSA-ImmunoCAPs, in 92% of the sera the IgG concentrations against HSA were <2 mg/L (Table 7) . Based on the 97.5% quantile value measured against HSA, antigen-specific IgG values < 4 mgA/L will be classified as unspecific.
Testing of reproducibility
For further validation, sIgG determination was repeated twice with 10 different sera and 7 antigens and HSA covering the whole concentration range from <0.02 to 726 mgA/L (Table 8) . Repeated measurements of sera with sIgG values > 2 mgA/L showed low CV values compared to sera with values < 2 mgA/L. Especially for antigens like isocyanates and acid anhydrides with majority of values < 2 mgA/L the CV range was broad. Figure 4 presents the correlations between all specific and total IgG values visualized with different colours and classified into different categories (rs ≥ 0.75; rs < 0.75 ≥ 0.5, rs < 0.5 ≥ 0.25; rs < 0.25). Strong correlations (rs ≥ 0.75) were noted between A. fumigatus (m3), P. chrysogenum (m1), C. herbarum (m2), and B. cinera (m7). Similar strong correlations were found between M. racemosus (m4) and R. nigricans (m11), C. albicans (m5), and F. proliferatum (m9) and between T. viride (m15) and S. atra (Gm24). The thermophilic bacteria mixture (Gmx7) strongly correlated with T. vulgaris (Gm23) and slightly lower (rs = 0.64) with S. rectivigula (Gm22), both bacteria species are included in the mixture Gmx7. Remarkable and unexpected was the high correlation between Gm22 and the trimellitic acid (k86). All bird antigens significantly correlated with another (rs ≥ 0.75 or <0.75 ≥ 0.5), with the highest correlation between duck feathers (e86) and goose feathers (e70), pigeon antigens (Ge91), budgerigar antigens (Ge90), chicken feathers (e85) and pigeon serum proteins (Ge93), respectively. Additionally high correlations were noted between budgerigar antigens (Ge90) and canary feathers (e201), pigeon serum (Ge93) and goose feathers (e70), respectively. Furthermore high correlations were found between pigeon serum (Ge93) and canary feathers (e201), canary and goose feathers (e70), goose and chicken feathers (e85), and goose feathers and pigeon antigens (Ge91). Conspicuous were the high correlations between pigeon serum (Ge93) and all the chemicals (k75-k78, k79, k86, k211), and also between canary feathers (e201) and all chemicals. Highly positive correlations were noted between all three isocyanates (k75, k76, k78) and two acid anhydrides (k86, k211). Especially the chemical-specific IgG values were highly positively correlated with HSA-specific IgG values. Especially in all these cases it should be noted that the majority of sIgG values were <2 mgA/L. Low (rs < 0.5) correlations were noted between the antigen-specific IgG concentrations and the total IgG concentrations. 
Correlation of the specific IgG concentrations
Tool for the classification of specific IgG values from patients with a suspect of HP
Discussion
We established antigen-specific IgG reference intervals for 32 HP antigens using the frequently applied quantitative technique of ImmunoCAP FEIA. The number of sera (n = 121) from healthy volunteers without any clinical signs of HP and without obvious exposure to potential HP antigens was suitable to establish reference ranges. Already in the past several studies were published dealing with the objective to establish cut-off or reference values to assess antigen-specific IgG concentrations measured within the diagnosis of HP [7] [8] [9] [10] [11] . In most of the studies the authors focused on a special group of antigens (e.g. avian antigens [9, 12, 13] ) or used special in-house methods (e.g. ELISA technique [14] ), and/or only a limited number of sera from control subjects were available [8] . Furthermore, the criteria to define reference and cut-off values differed between the studies (e.g. as mean plus 3 standard deviations or as 95% confidence interval or 97.5% quantile). Therefore an advantage of our study is that we used a standardized quantification system, and determined the antigenspecific IgG concentrations in 121 representative sera of apparently healthy donors with all antigens that were commercially available at the time of the investigation. Our study group consists of 56% women and 44% men, aged between 21 and 83 years, 62% of them non-smokers, and was derived from different regions of Germany (the centres where the sera were collected are located in the north, west, south and east of Germany). Although the specific IgG concentrations were very different depending on the individual and antigen and cover a wide concentration range, we deliberately did not exclude subjects with extremely high sIgG concentrations against some antigens. Additionally the evaluation of all antigen-sIgG values were made according to the same scale based on their non-normal distribution and presented as medians and quantiles. For practical implementation of these reference values into the routine diagnosis, we offer an online available calculator to rank measured sIgG concentrations to the 32 different ImmunoCAP antigens. For each entered value, the quantile rank in relation to these antigen-specific reference intervals is calculated. In cases of suspicion of HP (and additionally in the case of suspicion of ABPA using the A. fumigatus values), sIgG values higher than at least 90% of the healthy donor group and also higher than unspecific binding in case of chemicals or pigeon serum (Ge93) indicate elevated levels. However, there seems to be an overlap between the values of healthy and diseased individuals, so that a unique cut-off value cannot be given only the probability for a disease increases with the deviation from the reference range [15] . Studies with patients with a clear diagnosis for HP or ABPA are necessary to define cutoff values. In case of goose and duck feather antigens, the suggested threshold values (10.85 mgA/L and 8.81 mgA/L, respectively) to differentiate patients with feather duvet lung or bird fancier's lung from healthy subjects [8] are higher than 93.2% or 93.8% of our reference sera, respectively. In contrast to the study of Makkonen et al. [16] who reported higher specific IgG titers for several mould-antigens in healthy women (n = 18) compared to healthy men (n = 13) and suggested that separate reference intervals may be necessary for men and women, in our study group (including sera from 68 women and 53 men) no significant sex differences in the specific IgG response values to any of the tested antigens could be identified. Therefore no different reference intervals for men and women are required. Additionally no significant effect of smoking was measured in our study group. Only with one exception (sIgG values against chicken feathers [e85]) all sIgG values were unaffected by age. It should be taken into account that for adolescents or children (younger than 21 years) different reference intervals may be necessary.
All tested sera revealed sIgG antibodies > 2.0 mgA/L against at least one antigen, but the levels of IgG antibodies against the different antigens varied considerably. Low sIgG concentrations for example were found against the tested chemicals (diisocyanates and acid anhydrides); the highest levels were detected against fungal antigens, especially to Aspergillus fumigatus and Botrytis cinerea. Although diisocyanates and acid anhydrides are typical workplace-related substances and not ubiquitously disturbed in the environment, several studies demonstrated IgG binding to HDI-HSA and TDI-HSA in individuals without known exposure to isocyanates [17, 18] . Between 75% and 93% of all reference sera revealed sIgG concentrations against the three tested diisocyanates and the three acid anhydrides below the limit of quantification (<2.0 mgA/L). Therefore the assessed 97.5% quantile was low (<6 mgA/L) and in the range of unspecific IgG binding measured with the HSA-ImmunoCAP (97.5% quantile 4 mgA/L). Due to the high correlation between the sIgG values against the chemicals and the HSA, we recommend to check the specificity in case of suspected chemically induced HP using an additional test with HSA-ImmunoCAP. This is especially recommended when all chemicals tested have elevated sIgG values. Additionally, confirmed by the results published by Hemmer et al. [19] for non-specific IgE background-binding in sera with high levels of anti-CCD IgE antibodies we recommended for sera with high sIgG titers against many different antigens to identify non-specific background-binding by testing for example with HSA-ImmunoCAP or possibly with non-allergenic maltose-binding protein-(MBP-) ImmunoCAP.
In contrast to the low chemical-specific IgG values the sIgG responses against the 14 fungi and the mould mixture were heterogeneous and covered a wide measurement range. The occurrence of specific IgG titers in healthy controls suggests that all people were exposed to fungus-derived antigens to some extent. In contrast to the chemicals tested in this study, a large number of fungi are ubiquitous in our environment, not limited to for example workplaces, and in these cases exposure cannot be avoided. Wide ranges of sIgG responses were determined against P. chrysogenum (1.8-143.0 mgA/L), Botrytis cinerea (0.3-572 mgA/L) and especially against A. fumigatus (2.6-726.0 mgA/L). Although principally the same sIgG detection method (UniCAP) was used in former studies [7, 10, 16] , specific IgG values especially against A. fumigatus obtained from healthy controls were different. One explanation might be that sera were collected from different parts of Europe (Finland, Austria, Belgium versus Germany), and fewer individuals were tested than in our study, but also the variability of the antigen coupled to the ImmunoCAP in the period of 15 years might play a role.
Due to the different ranges of the IgG concentrations, which were determined for the individual fungi antigens, the exclusive application of the mould mixture as screening test does not seem meaningful in the IgG diagnostics because of possible underestimation of IgG response to individual fungal antigens.
Additionally strong correlations between some fungal antigens (P. chrysogenum, C. herbarum, A. fumigatus and B. cinera) or between the bird-related antigens indicate the possibility of cross-reactivity between these species. These findings are consistent with previous results for some fungal antigens [16] and for bird-related antigens [8] .
In some cases unexpected high correlations were observed (e.g. between Saccharopolyspora rectivirgula [Gm22] and the trimellitic acid [k86] or between goose feather [e70] and Acremonium kiliense [m202]). In these cases cross-reactivity based on similar epitopes on the antigens seems to be unlikely. The sIgG concentrations are relatively low and therefore a correlation dependent on unspecific binding to the cellulose matrix and random effects might be responsible.
In conclusion, our study offers antigen-specific IgG reference intervals for 32 important HP antigens using the frequently applied quantitative technique of ImmunoCAP.
For further validation, it is desirable to compare the findings of this study with sIgG values of definitely diagnosed HP patients. Realistically, however, this will be difficult to achieve for many HP subtypes due to the small number of cases. Nevertheless we suggest considering the determined sIgG values for a better classification of sIgG concentrations in the scope of HP diagnosis. To facilitate the use of these values, we have created the online available calculator which ranks the entered values in relation to the reference quantiles. Of course only values obtained with the same method (ImmunoCAP) can be evaluated. Measurements with the same reference collective and a different IgG quantification method will be published soon.
